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Abstract - A C-band radar was used to record the backscaucr  of
Antarctic Wcddcll  Sea ice in the w-inter of 1992. These shi bomc

{microwave signatures arc the first of their kind. Calibratd  h and
vv-pol  signatures were rccordcd  for several icc types as the
icebreaker crossed the WKMCI1  Sea, At each site, mcasurcmcnts
wetw made of snow and sea ice characteristics, Mctcmrological
information, radiation budget and oceanographic data were also
rccordcd  A fret-year icc stsult is prcscntcd with relation to the sca
ice physical properties. In-situ data arc used in predictions from a
dr~rctical model and the results compard  wldt cr” values. The

Y “f
scattcnn  conrnbutions  under cold winter conditions

~~~c  rom the au snow and snowficc interfaces. Tlmc-series data
indicate C:band  is sensitive to snow and icc physical changes as a
result of chmatic  and rxcanographic forcing.

1. INTRODUCTION
Spaccbomc  microwave rcmorc sensing is rcquimd to monitor the
extent and charactcrisrics  of winter Antarctic sca ice, In this paper
we begin to develop techniques to usc microwave radar signature
data, During a 1992 austral  winter experiment, sea ice
scattcmmetcr measurcmems  were made together with surface
mcasurcmcnts  such that direct links btwcen physical, chemical
and dielectric properties of the w ice and the surface flux regime
could bc dctcrrnincd  As a part of the Winter Wcddcll Gyrc Study
(WWGS’92), a C-band scattcrometcr  was operated from the port
rail of the German research vcscl F/S Polarsfern to obtain the first
shipbome  scans of the microwave backscaucr  properties of
Antarctic sca ice, The dual-polarization radar collcctcd  like- (w)
and cross-polarized (hv) data at incidcncc angles from 15-65°.
When stationary in pack ice, the radar was scanned to obtain
in&pcndcnt  samples of sea-ice backscattcr  (d) as a function of
inci&ncc angle (6) and polarization. Field sampling provi&d
validation data for simultaneous satellite ERS- 1 C-band SAR
obscrvaaons  (at S3=23°)  and enabled collection of a cataloguc  of
‘snap-shot’ microwave signatures. In support, detailed surface
mcasurcmcnts  were made within the radar footprint each time a
radar scan was complctcd.

Short 3-4 hour ice stations shown in Fig. 1 enabled radar
and snow and ice mcasurcmcnts  of a number of icc types
characteristic of the winter Weddcll Sca ice cover [1]. A 3-day
long ice station from 21-24 July, 1992 also enabled time-scncs d
mcasurcmcnts.  In addition to periodic scans of data over the
complctc  range of incidcncc angles, the radar was operated at
frequent intervals (- 4 hourly) at f3=45°.  At this angle o“ is
sensitive to rhc surface rcflccrivity  and roughness, and also to
volume scattcnng  within rhc snow and ice surfau. These data
provide a chance to quantify changes in o“ as the heat flux and
vapour  flux regime varied over the pcricd,  and as the physical
pmpcrtics  of the snow and ice changed.

2. SENSOR DESCRIPTION
The field sensor was a fr uency-modulated, continuous-wave

?(FM-CW)  radar, modified rom a King airborne radar altimeter.
(see Table 1). Tim antenna cluster consistui  of a arabola  for
transmitting

5
“[; a horn anrcnna for receiving Iincar h c-polarized

signals; an an altematc  receiving antenna for cross-polarized
signals. A stccrablc mount was scam+ to the pm rail of the uppr
deck, orthogonal to rhc ship’s ccntcrlmc.  It was fixed m azimuth
but hinged m the elevation plane arrd driven using an actuator. A
electronic pendulum gave a simple digital rcadottt from which Q
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Fig, 1. WWGS 92 Potarstcm  track and mrfaw ramplc sites (+). The icc
margin was cmcrcd  on [2 June ’92, and fuutlycxitcd on 31 July 92.
was calibrated. The height above the sea ice surface was
approximately 16m, but varied as a function of the ship’s draft.

Control of the radar switch logic, sampling and signal
recording were performed with a Texas Instruments personal
comptstcr  (PC) using tailored signal rmcssing  hardware and

rsoftware dcvclopcd  at the University o Kansas. Red-time signtd
analysis of the calibration and IF signals was pcrforrncd using a
Hewlett Packard (HP) Signal Amdyzcr in series with the PC. This
enabled systcm performance to bc monitored, as WCII as the
ocarrcncc of cxtcmal intcrfcrcncc fmm rdlo sources.

Table 1. FM-CW Radar Scat’&orrrctcr System Spccifhtions

Transmitter Power: 150 mW
Center Frtxpcncy: :$G~ 15 MHZ (C-band)
RF Bandwidth:
Polarizations: VV, HH, HV, VH

‘Antenna Bcamwidths:
Pasabolic: 8° (circular Gaussian)

kXiYiUZ Horn E-plane; 23° clcvarion
(liliy:;j H-pbMG 22° azimuth

KA 54: E-pkrnc; 5P i 5“
H-plaI% 40° * 4°

Calibration: Extcrrml 12“ Luncbcrg-lens rcflccror

Target Range: 15m-60m
18m range footprint: -1.31 x 1.44 m

3. CALIBRATION AND SYSTEM CORRECTIONS
Here wc bncfly  &scribc  procedures used to convert measured
power data into absolute backscatter.  These approaches arc
dcseribcd  in further detail in [2],[3], and [4].



[rslernol  d Exlernd Calibration
The system is internally calibramd using the PC, by recordin IF

Jq
power wrd transmitter power allema[cly  for each radar UISC. TIC
amplitude and the characteristics of the transmitted sign s can t-hen
bc taken into account in power calculations. Indepen&nt  records
of intcmal calibration readings for each mcasurcmcnt sample were
not made using the HP signaf analyzer, due to time constraints in
the field. IIowevcr,  a frc ucncy gate (O-1 kHz) was applied to
each sample to adjust ?or possible changes in the systcrn
throughout the cxpcnmenL  The daily average of the atcd power

?was within 1.5 dB of the mean value txtwccn  June 2 and July 28
thus indicating the radar to bc sufficiently stable; then the
assumption of usin the O-1 kHz gatcd  power as an intcmal

irefcrcncc is reasorrab c.
Extcmal  calibration was performed periodically using a

Luncbcrg lens pkrccd on the icc at a fixed distance from the ship.
lle theoretical maximum cross-section of a 12” diarnctcr Icns at
4.3 GHz is 11.38 dB [5]. The Icns had a mcasut-cd value o = -7
dB (afrcr [2]) and some performance degradation over its Iifctimc,
Bcanrshape and Antenna Separation Correction
Power measurements arc simplified by assuming scattering is
indcpcndcnt  of azimuth  angle and that rccclvcd  ~wcr is mainly

from the clli tical illuminated area [5] ccntcrcd at known range and
idefined by c effective half-power beamwidths ivcn in Table 1.

JIn estimating o“(6) from the power, wc usc c.narrow-beam
a proximation [6]. Since this mcthcd has &ftcienclcs,  Wang and
C?ogincni [4] dcscribc how o“ is calculated accuratcb’ b~
integrating the power over the antenna pattern from the fu 1
measured spcarum.

Though mounted together, the antennas do not all point to
exactly rhc same spot on the surface. With a separation of 50cm
and with slightfy diffct-em beams, the antenna patterns overlap
impcrfcctfy and a corrccrion is made to account for the error in the
csrimation of A, and the ‘cffccrivc’ gain pattcm,  This correction is
made using formulae for paraflcl Gaussian beams dkcusscd  in [7],
Together, this accounts for a oxrection  of around 1.5 dB at nadir -
falling to lCSS than 1 dB at the higher irrcidcncc artglcs.

The int ta-rgct response of a typical FM.CW radar falls
roff at 12 d /cmtvc (i.e. each time range doubles). The systcm

hardware (i.e., STC) compsnsatcs  for 6 dB/cxtave while the post
prcmssing  of data clirnrnatcs the remaining range dcpcn&ncc.
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Fig. 2. physical propcnks of urdcbrmcd,  .snow-xwcrcd  rust-p  icc on 21
July, 1$92, at the site indicalcd in Fig. 1.

4. ICE STATION IN-SITU DATA
At each site in Fig. I detailed radar mcasurcmcnts  were made.
Estimates of&’ come from a number of indcpcndcnt samples, ctrch
of whsch is a statistical average of several thousand mcasurcmcn[s
of scattcrcd  power. Power is converted to & with the calibration
information and corrections dcscnbcd  in section 3. A backscattcr
signature is then built u from the samples of rJO(e). Data were

/“recorded for a range o Sea-lee ty s including pancake, dark
nilas, white nilas, grcy, fkst-year an ~ccond~aricc. In-situ data
included physical and chemical analyses o icc core and snow
sarnplcs,  to ether with snow crystal macro-photo raptly.

FK$
kT Jcafl su acc data wcr-c collected within rhc swa~h of t c radar

a tcr cac scan was complctcd.  An cxarnplc from a sltc on 2 I July,
is shown in Fi .2. The corresponding slgnaturc  is shown in Fig.

f3 as circles an crm.ses.
Throughout the 3 month cxpcnmcnt,  meteorological data

were acquired onbcrard  Poku-stcm.  Together with radiation budget
calculations and oceanographic mcasurcmcnts,  drew data provide
a complctc  picture of the top and bottom kxrndary  conditions for
the sca ice. During pcnods  when the thcrrnal  conditions were
monitomd within the ice, this allowed the main components of Ihc
energy budget to be estimated. Those components critical to the
physical and scattering propcnics  of the sea ice arc the sensible
and larcnt hcari and vapour fluxes.
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Fig. 3. C-band VV-POI  scaucmrncti daq and model simulation crrm’cs using
lWO 5X! of parsuncl.cxs,

5. MODEL SIMULATIONS
A  hysical  a n d  thcorcticai  scattcnng  mcxlcl is dcvclopcd  to

Jun erstarrd the scatrcnng  shown in Fig. 3, and to provide msi~ht
into the geophysical ropertics rcgulatin

$ R ‘?’crowavc  ‘a[tcnngand crnisslon and. the crrnodynamlcs oft c ICC: Imtral tcs~ using
in-siru snow and ICC propcnics su
icc shown in Fig. 2= lCSS than %% ~%~~%k~%~~~~$
to the upper layers of the, snow and. ice, aphysical scat[cring
model 1s constructed conslsung  of three primary layers: (I) an

$~ricalcrystals ofviwyirrgsizc; and (iii) alaycrof salt snow-ice
rmost  layer of icy snow-crust; (ii) salt-free snow with

tiin[8]and[9j+c  ‘O”C1
resting upon an ‘half-space’ of first- car sca icc
utilizes rheorcrical approaches dcscri

On 21 Jul , surface rncasurcmcnts indicated ~at the snow
J“surface had a ra latronally altcrui,  wind-blown crust of density

C1OSC to that of pure ice. Its tcmpcraturc was C1OSC to that of the alr
(-24”C)  and it vancxl from a fcw mm to 1 cm thick. In the model
this Iaycr is assi ncd a permittivity &=3.17. Layer (ii) contained

?“”snow crystals o varying 51725. The tempcrarurc  at 4cm dc th was
r-20°C and tie snow was assi ncd a dry pcrmittivity  of E= .68 for

a“n’an ‘ens’trof 035d~  A
e snow particle size dkr-ibution  is

sunulatd for ~ycr (11) using a Raylcigh distribution with limits at
a minimum grain diameter of 0.045mm  and maximum di.amercr of
0.885 mm. Layer (iii) in ccsntrast  was salty, ~~i[h  a salini(y of 8?%.



1[ is assigned a complex permittivity  of &=2.8  +j0.02, assumin
!spherical brine inclusions within rcdominandy  orbiculw  ice o

0.75g/cc at a tcmpcratum  of - 18“? Beneath the snow-ice layer is
assumed a corrLinuous ice sheet with the characteristics noted m the
up~r locm of Fig. 2.

Measurements were made usin a variety of profilin
ischemes to quantify the small-scale mug ncss of the air/snow an %

snowficc surfaces. In the model it is assumed that the crust is
slightly rough, but that it has an qual thickness evcrywhcrc  with
parallel u per and lower surfaces. This allows the second-order

?effects o a coherent field within the crust to be included in the
computations. The rou~hncss  was large enough that Physical
Optics scattering theory M valid at C-band

Simulations incorporating surface and volume scatter-in
!take into account the snow grain-sixc distribution and salinity o

each layer togcLhcr  with the measured mu hncss and thickness of
kthe crust. ‘k effective extinction of cac layer is computed by

summing the extinction in each of 10 discrctlzcd  Raylelgh rain
fradius bms within ~hc overall size distribution. Layer vo umc.

scattcrin  contributions arc then added incoherently. Model
simulate % curves arc shown in Fig. 3 in comparison with
trmsurcd  vv-pol & data. Both curves each usc the mcasurwl  mean
snow grain diameter of 0.3mm.  Tlrc upper simulated curve
indicates the scattcnng  signature for a sllghtly  rougher surface
with crust 0.9cm thick. In contras~, the Iowcr curve shows Lhc
situation when the crust thickness 1s reduced and the roughness
dccrca.scd. Results. indicate that the mcdcl response to tic  snow
characteristics is significant,  C)rhcr propcrrics which have a large
impact arc the the salinit and rou hncss of the snow-ice intcrfacc.

r“ “%”T3c model simu auons In lg. 3 arc for a situation which
represents initial conditions at 19: OOhrs at the beginning of a 3-day
ice station. They indicate that scattering is extremely sensitive to

~alancc. A subsequent time-set-icsof radar&a indicates how tic
ropcflics  which arc directly influenced b the surface cncr y

scatrcrin~ signatures change as a function of the varying surface
flux cnvlronmcnt.  Exchanges of heat and water vapour caused by
loss or gain sensible heat and cvaporarivc cooling appa.r  to have a
significant impact upon the physical properties of the layers with
time.
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Fig. 4. C-band s.catfcromcti  time-series ptottcd  against k sasiblc heal flux
and W! cmgy budgti  ova a hrcc-day paid.

6. TIME-SERIES DATA
Another result from WWGS’92 field cxpcnmcnt  in Fig. 4 shows
simultaneous crier y budget and scimcrometcr  time-series data

5lasting from 21 to 4 July, 1992. The signature shown in Fi .3brc resents the starting point in this rime- sesie-s of data at Julian ay
2/3.79. The upper panel of Fig. 4 shows the sensible hca[ flux as
it varied with surface alr tern raturc and wmd velocity from day

r203 (21 July,’92) to day 2 6 (24 July,’92). The middle panel
shows the overall cncr  y budget of the ice (by courtesy of W.

?“Fncdcn  of Hannovcr  mvcrslty,  Germany) with “-” illustrating
net outgoing heat fluxes of heat (and vice-versa for “+”). The
lowermost panel shows the C-band, scattc~mctcr  data in response
to the heat fluxcs  together with alr and tcc surface tcrnpcraturc
traces.

The period of observations is marked by a 23°C chongc in
air temperatures caused by the passing of a low pressure fronl.
The situation led to a swing from net nc aiivc heat flux und
upward va ur flux, to net positive heat #ux and initiation of
surface mc~j+ ScvcraldB  variability in vv-polarizd  backscot~er
indicate scvcra orders of magnitude change m scattcrin~ over the
range of temperatures and resulting heat flux regimes ]ndicamd.
7hc change m heat flux regime causes a reduction in vv and hv
backscattcr  which lags the onset of net heat gain to the snow by a
fcw hours. Hi h winds and a brief period of cloud-free night a[

tJulian Day 2 6.2 cncouragc  evaporative cooling and a local
maximum m the values of w and hv-pol backscamr.

The example in Fi . 4, indlcatcs  that regional sca-icc
tsurface properties reflect I c balarrcc bctwccn atmospheric or

occanogra hic forcing; and time-series data rcflczt transformations
$’in the su ace heat and vapour flux environment. It is ro scd

that fi,rh the aid of wcarhcr anal SIS fields for specifying
t-?’

Lu%.ry
condltlons, the satellite and su ace data will k used in models to
generate regional scale heat flux estimates.
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